The effects of thymulin administration beginning on days 19 or 24 of age on spontaneous puberty and gonadotrophin-induced ovulation were analysed in female normal and hypothymic mice.
Introduction
There is evidence that thymic hormones participate in the regulation of the hypothalamus-pituitary-gonadal axis in adult and prepubertal animals , Rebar et al. 1981a , Michael 1983 .
Congenitally athymic nude mice (nu/nu) are known to have severe deficiencies in their reproductive function, including a delay in the onset of puberty and first ovulation (Besedovsky & Sorkin 1974) , reduced ovarian weight, increased follicular atresia (Lintern-Moore & Pantelouris 1975) , decreased fertility (Flanagan 1966) and premature ovarian failure (Lintern-Moore & Pantelouris 1975) in comparison with their phenotypically and endocrinologically normal heterozygous littermates (nu/+). Plasma levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH) and gonadal steroids are reduced (Rebar et al. 1981b) .
Neonatal thymectomy in female mice induces ovarian dysgenesis as a result of an autoimmune response.
Ovarian dysgenesis is characterised by the rapid loss of oocytes, increased follicular atresia, total absence of corpora lutea, decreased ovarian weight and infiltration of lymphocytes into the ovary. Other features are a delay in puberty, the presence of circulating anti-oocyte antibodies, and lower plasma levels of LH, FSH and gonadal steroids (Nishizuka & Sakakura 1969 , Michael et al. 1980 .
In athymic and thymectomized mice, thymulin is absent from serum. The graft of a normal thymus to neonatal athymic mice or after thymectomy normalises reproductive function (Sakakura & Nishizuka 1972 , Rebar et al. 1980 , Chesnokova et al. 1983 , after which thymulin is detected in the blood (Dardenne et al. 1974 , Safieh et al. 1990 ). This thymulin (formerly named 'Facteur Thymique Sérique' or FTS) is a nonapeptide whose amino acid sequence is pyro-Glu-Ala-Lys-SerGln-Gly-Gly-Ser-Asn-OH, and which is responsible for inducing T cell markers in T cell precursors (Dardenne et al. 1974 , Bach et al. 1977 .
Thymulin is secreted only by thymic epithelial cells (Dardenne et al. 1974 , Savino et al. 1982 , Safieh et al. 1990 , while other thymic hormones are present in the thymus, and also in other tissues, including the brain, spleen and peritoneal macrophages, liver, lungs and kidneys (Dalakas et al. 1984 , Horecker 1984 .
The hypothymic hairless mutant mice (et/et) has delayed puberty, body and ovary weights lower than in normal animals and normal fertility although fertility decreases prematurely. The transplantation of a normal thymus in newborn animals does not prevent the delay in puberty (Rosas et al. 1987b , 1995 , Hinojosa & Rosas 1994 .
Injection of pregnant mare serum gonadotrophin (PMSG) alone or followed by human chorionic gonadotrophin (hCG) to prepubertal mice results in the advancement of puberty and ovulation (Ojeda & Urbanski 1994) . In hypothymic mice, the ovulatory response to PMSG followed by hCG is lower than in normal mice (Rosas et al. 1987a (Rosas et al. , 1989a .
The current study was designed to analyse the participation of thymulin in the regulation of spontaneous puberty and its effects on PMSG-induced ovulation in normal and hypothymic mice.
Materials and Methods
Normal CD1/et and hypothymic hairless et/et female mice from our own stock were kept under controlled lighting conditions (lights on from 0500 to 1900 h) with free access to food and tap water. The litters were adjusted to seven pups (hairless or normal) per dam until weaned at 21 days of age.
On the day of first vaginal oestrus, groups of normal and hypothymic mice were killed and processed. Beginning on days 19 or 24 of age, normal and hypothymic animals were injected daily with saline or thymulin (Sigma Chemical Co., St Louis, MO, USA) (100 ng sc.) until the day of first vaginal oestrus when they were killed.
To analyse whether thymulin administration modifies the effects of gonadotrophin injection on the advancement of puberty and ovulation, groups of normal and hypothymic mice were treated as follows. (I) At 0900 h, beginning on day 19 of age and until the day of autopsy, the animals were injected once a day with thymulin (100 or 200 ng) or saline. On day 20, after the animals had been treated with thymulin or saline, they were injected s.c. with 5 IU PMSG (Sigma). (II) Groups of 24-day-old normal and hypothymic mice were injected with thymulin or saline as in group I and with PMSG (5 IU) on the morning of day 25. (III) Based on the results obtained in hypothymic mice injected with 200 ng thymulin on day 24, a new group of hypothymic mice of the same age were injected with 200 ng thymulin; on day 25 they received 5 IU PMSG and 54 h later they were injected with 3 IU hCG (Sigma).
Autopsy procedure
Vaginal opening was assessed daily and recorded. This day was considered to be the onset of puberty, and vaginal smears were taken daily until the first vaginal oestrus occurred, when the animals were killed by decapitation between 0900 and 1100 h. Blood from the trunk was collected, allowed to coagulate at room temperature for 1 h, centrifuged at 3000 r.p.m. and the serum was kept at 20 C until 17 -oestradiol and progesterone were measured by RIA. The ovaries, uterus and thymus were dissected and weighed on a precision balance. The oviducts were dissected and ova counted with the aid of a stereoscopic microscope.
Radioimmunoassay
Serum concentrations of 17 -oestradiol (pg/ml) and progesterone (ng/ml) were measured by RIA using the solid-phase 125 I technique (Kubasik et al. 1984) with kits purchased from Coat-A-Count, following the methodology described by Diagnostic Products Corporation (Los Angeles, CA, USA). The minimum concentrations of oestradiol and progesterone detectable by these assays were 8·0 pg/ml and 0·02 ng/ml respectively.
Statistical analysis
Data are expressed as means ... The organs and body weight values and hormone concentrations were analysed using multivariate analysis of variance (MANOVA) followed by Tukey's test. Differences in ages of vaginal opening, the elapsed period between the age of vaginal opening and first vaginal oestrus and the number of ova shed were compared using the Kruskal-Wallis test and Mann-Whitney U test. Ovulation rate (number of ovulating animals/number of treated ones) was compared using Fisher's exact probability test. Differences between two groups were compared by Student's t-test. P values <0·05 were accepted as significant.
Results
In comparison with normal mice, hypothymic mice presented the following: a delay in the age of vaginal opening (34·7 0·7 vs 27·7 0·4 days, P<0·05, Mann-Whitney U test) and in the elapsed period to the presence of first vaginal oestrus (2·2 0·7 vs 0·6 0·1 days, P<0·05, Mann-Whitney U test); lower weight of ovaries (5·7 0·3 vs 8·2 0·4 mg, P<0·05, Student's t-test), uterus (30·2 3·7 vs 50·6 4·3 mg, P<0·05, Student's t-test) and thymus (76·6 4·7 vs 90·5 4·4 mg, P<0·05, Student's t-test); and higher serum progesterone levels (6·2 1·8 vs 0·9 0·0 ng/ml, P<0·05, Student's t-test), while there were no differences in body weight (20·6 0·6 vs 21·4 0·4 g, not significant, Student's t-test) and serum oestradiol levels (19·1 4·2 vs 13·2 2·9 pg/ml, not significant, Student's t-test).
Effects of thymulin or saline injection on normal or hypothymic mice
Differences in puberty and serum oestradiol and progesterone levels between thymulin-and saline-treated normal animals on day 19 of age were not observed. Daily injection of thymulin beginning on day 24 of age resulted in a delay of puberty and an increase in serum progesterone levels in comparison to saline-injected animals (Table 1) . Differences in body weight and the weights of ovaries, uterus and thymus were not observed.
In the hypothymic mutant mice treated with thymulin beginning on day 19 of age, serum progesterone levels decreased. When the injection of thymulin was initiated on day 24 of age, a delay of puberty and an increase in serum progesterone levels were observed (Table 1) . Differences in body and organ weights were not observed.
Untreated normal and hypothymic mice did not ovulate on the day of first vaginal oestrus. The daily injection of saline or thymulin did not modify the spontaneous ovulatory response. In both normal and hypothymic animals fresh corpora lutea were not observed, independent of the treatment.
Effects of thymulin or saline injection on the response to gonadotrophins
Normal mice Normal mice injected with saline or thymulin beginning on day 19 of age, and treated with PMSG on day 20 had vaginal opening 48 h after gonadotrophin treatment. Vaginal oestrus occurred 24 h later. Only one out of eleven (9%) normal animals treated with saline and PMSG ovulated. When the animals were treated with 100 ng thymulin, four out of fifteen (26%) animals ovulated, but the number of ova shed was considerably higher, and the body and thymus weights were significantly higher than for saline and PMSG-treated mice. Daily injection of 200 ng thymulin and gonadotrophin resulted in a significant increase in the ovulation rate, the number of ova shed, as well as in body and ovarian weights (Table 2) .
When normal animals were injected with thymulin or saline beginning on day 24 of age and with PMSG on day 25, vaginal opening occurred 48 h after PMSG treatment. Vaginal oestrus occurred 24 h later. Almost all saline and thymulin-treated animals ovulated after PMSG and the numbers of ova shed by ovulating animals were similar. Differences in the body, ovarian, uterus and thymus weights were not observed (Table 2) .
Hypothymic hairless mice When saline or thymulin treatment of hypothymic mice began on day 19 of age and gonadotrophin stimulation was carried out on day 20, vaginal opening occurred 72 h after PMSG injection, and first vaginal oestrus 24 h after vaginal opening. None of the treated mice ovulated, and fresh corpora lutea were not observed. The ovarian weight of the mutants injected with 200 ng thymulin was higher than in the saline and PMSG-treated group (Table 3) .
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afterwards. The ovulatory response in saline and 100 ng thymulin-treated animals was similar. When the mutant mice were injected with 200 ng thymulin the number of ova shed by ovulating animals was significantly lower than in saline and PMSG-treated ones and those treated with 100 ng thymulin (Table 3) . When hypothymic mice treated with 200 ng thymulin on day 24 were injected with PMSG and hCG, an increase in the ovulatory response in comparison with those receiving only PMSG was observed (7/7 vs 4/8 ovulated, P<0·05, Fisher's exact probability test; 29·6 4·0 vs 7·5 1·8 ova shed, P<0·05, Mann-Whitney U test).
Discussion
The present results confirm that puberty is delayed in hypothymic mice and that uterine weight is lower in comparison with normal animals (Rosas et al. 1987b ). These differences do not seem to be related to serum oestrogen levels. Since serum progesterone concentrations were six times higher than in normal animals and none of the normal or hypothymic mice ovulated, we postulate that progesterone is secreted by the adrenal glands in response to the stress suffered by the animals. We have previously shown that serum corticosterone levels are significantly higher in hypothymic than in normal mice (Rosas et al. 1989b) . There is evidence that plasma glucocorticoid and progesterone levels are increased in response to chronic adrenocorticotrophin hormone (ACTH) administration (Ramaley & Bartosik 1974 , Cutler & Loriaux 1980 , and that these increases in glucocorticoids and progesterone inhibit gonadotrophin secretion and delay puberty (Macfarland & Mann 1977) . Also, progesterone inhibits oestrogen receptors at the uterine level ( Jordan et al. 1978 , Okulicz et al. 1981 , Arakawa et al. 1989 .
The delay in the age of vaginal opening observed in 24-day-old normal mice injected with thymulin can also be explained by the increase in serum progesterone levels. Again, this progesterone would be secreted by the adrenal gland since there is evidence that thymulin stimulates Table 2 Ovulation rate, number of ova shed by ovulating animal, weight of body, ovaries, uterus and thymus in normal mice, treated daily with saline or thymulin (T), beginning on day 19 or 24 of age until the first day of vaginal oestrus. On days 20 or 25, they were injected with 5 IU PMSG. Values are means S.E.M. ACTH secretion (Hadley et al. 1997) , and none of the animals ovulated.
In vitro studies have shown that thymulin stimulates LH release (Zaidi et al. 1988) . In this study, thymulin administration did not result in a great increase in LH secretion because none of the animals ovulated, in spite of the presence of preovulatory follicles in the ovaries of these animals (García & Rosas 1998) . Such effects could be related to the way thymulin was administered.
The lack of ovulation observed in 20-day-old PMSGtreated normal mice can be explained by a failure in the preovulatory release of LH, since these animals ovulate normally when they are treated with PMSG and hCG (Rosas et al. 1987a) . Therefore the ovulatory response elicited by thymulin administration prior to PMSG injection suggests that the thymic hormone increases pituitary sensitivity to ovarian hormones secreted in response to PMSG administration, resulting in a preovulatory peak in LH levels. The dose-related response observed supports this interpretation. These effects seems to be transitory, because thymulin had no effect on PMSG-induced ovulation in 25-day-old animals.
A direct effect of thymulin on the thymus is suggested by the weight difference between saline and PMSG-and thymulin and PMSG-treated 19-day-old mice, a sign of partial obstruction of the suppressive effects of oestrogen on the organ weight. To our knowledge, no data indicating the obstruction of oestrogen-receptor union by thymulin have been reported, while evidence of thymulin interfering with the corticosterone-receptor ligand has been found (Hall et al. 1985) . Another explanation is that thymulin stimulates the pituitary release of growth hormone (GH) (Brown et al. 1999) and GH stimulates thymus growth (De Mello-Coelho et al. 1998) . On the other hand, it is also possible that GH is released by the thymus since there is evidence that the thymic epithelium secretes several pituitary-like hormones (Savino et al. 1999) .
There is evidence that neuroendocrine mechanisms regulating puberty and ovarian functions in hypothymic mice have differences in comparison with normal animals (Rosas et al. 1987a (Rosas et al. ,b, 1989a . The present results agree with this idea, because thymulin injection in 19-day-old hypothymic mice did not result in ovulation after PMSG administration, as was seen in normal mice submitted to the same treatment. Also, when 24-day-old animals were treated with thymulin and PMSG, the number of ova shed by thymulin and PMSG-treated animals was lower than those injected with PMSG. These differences seem to be related to LH secretion, because the injection of hCG in thymulin and PMSG-treated animals resulted in full ovulation with normal ova count. The differences in the response of serum oestradiol and progesterone levels to thymulin and saline in hypothymic and normal mice support such an interpretation.
In summary, the present results suggest that thymulin plays a role in the mechanisms regulating puberty through its effects on the adrenal gland and ovarian response to their trophic hormones.
